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ABSTRACT

Zhu, Qian. M.S.M.S.E., Purdue University, May 2014. Effect of Multivalent lons on the
Swelling and Mechanical Behavior of Superabsorbent Polymers (SAPs) for Mitigation of
Mortar Autogenous Shrinkage. Major Professor: Kendra Erk.

The chemical and physical structure-property relationships of model superabsorbent
polymer (SAP) hydrogels were characterized with respect to swelling behavior and
mechanical properties in different ionic solutions (Na*, Ca*, and AP’*). The model
hydrogels were composed of poly(sodium acrylate-acrylamide) (PANa-PAM) copolymer
with varying concentrations of PANa (0, 17, 33, 67, and 83 wt.%) and covalent
crosslinking densities of 1, 1.5, and 2 wt.%. By synthesizing the hydrogels in-house,
systems with independently tunable amounts of covalent crosslinking and anionic
functional groups were created, allowing for the relative effects of covalent and ionic
crosslinking on the properties of the hydrogels to be directly quantified. It was found
that the presence of Ca?* and AP’* in the absorbed fluid significantly decreased the
swelling capacity and altered the swelling kinetics of the PANa-PAM hydrogels. The
presence of AI** in solution resulted in the unexpected formation of a mechanically stiff
barrier layer at the hydrogel’s surface, which hindered the release of fluid and caused
the overall elastic modulus of the hydrogel to increase from O(10 kPa) for hydrogels

immersed in Ca®* solutions to 0(100 kPa) for hydrogels immersed in AI** solutions.



Tensile tests performed on isolated specimens of the stiff barrier layer yielded elastic
moduli in the O(50-100 MPa) range. Further experiments proved that PANa-PAM
hydrogels are effective to keep mortar internal relative humidity at high value (~98%)
during setting and also PANa-PAM decreased the autogenous shrinkage of mortar to

less than 50 microstrain while plain mortar showed 350 microstrain.



CHAPTER 1. INTRODUCTION

1.1 Research Motivation

Superabsorbent polymers (SAP particles) that serve as internal water supply to mitigate
the autogenous shrinkage of high performance concrete (HPC) has been studied for 15
years since Jensen first brought up this research area in the beginning of 21* century.l’2
The effectiveness of SAP particles on decreasing autogenous shrinkage of cement paste,

mortar and HCP is widely known.>**?

In previous studies, the amount of SAP particles,
the size of SAP particles and the water/cement has been reported as the authors

discussed the effect of SAP particles on mitigating the autogenous shrinkage of HPC.

However, the chemical structures of the particles are seldom reported.

It is well known in polymer science that the chemical structures and the properties of
the swelling medium will affect the swelling behavior of SAP particles which is very
important for SAP particles serving as the internal curing agent but rarely studied in civil
engineering. Multiple factors that influence the absorbency of SAP particles have been
reported such as the crosslinking density, amount of initiator, ionic/non-ionic monomer
ratios, pH value of swelling media, different ions and ionic strength of swelling media,

6,7,8,9,10

temperature of swelling media,etc. Among those parameters, the type of ions in



the swelling media should receive the most attention especially for the application of
SAP particles in concrete since the swelling response of SAP particles in the presence of
mono-valent ions (Na*, K') and multi-valent ions (Ca*") which is released during the
hydration process of concrete is very different. It’s been found that the absorbency of
SAP particles in multi-valent ion (Ca2+) solutions is much lower than that in mono-valent

ions (Na*, K*) solutions. >***

As a result, there is a critical need to understand the
relationship between the chemical structures of SAP particles and their swelling

behavior in multi-valent ion solutions, the primary requirement for predicting the

swelling response of SAP particles in concrete.

While some research efforts have focused on quantifying the effect of Ca®* on swelling
behavior, the exact relationship between ionic sensitivity and the physical and chemical
molecular structures of SAP particles has not been directly investigated.? This inspired us
to synthesize SP systems with well-defined chemical structures and study the
relationship between the molecular structures of SAP particles and their swelling
response to different ion solutions. By studying that, we hope to provide guidance for
customizing the SAP particles for concrete application. The majority of this work was
recently accepted for publication by Materials & Structures (2014): "Effect of ionic
crosslinking on the swelling and mechanical response of model superabsorbent polymer

hydrogels for internally cured concrete", by Q. Zhu, C.W. Barney, and K.A. Erk .



1.2 Thesis Scope and Objectives

In the present work,*? a series of random poly(sodium acrylate-acrylamide) copolymer
(PANa-PAM) hydrogels with systematically varied concentrations of covalent crosslinks
and anionic groups within the polymer network were synthesized. The hydrogels were
immersed in aqueous fluids containing different ionic concentrations and valency,
including Na*, Ca®*, and Al**(which is also present in cement pore solution®®). The
swelling response and mechanical properties of the hydrogels were measured, and the
experimental results were related to the physical and chemical structures of the
hydrogel. Finally, we mixed two PANa-PAM hydrogels with different chemical structures

in mortar and evaluated their ability to mitigate the autogenous shrinkage of the mortar.

In this work, we hope to answer the following questions:

1) How will the swelling response of the synthesized PANa-PAM hydrogels be affected in
deioinzed water, Na*, Ca®*, and AI** solutions?

2) How will the chemical structures of the PANa-PAM hydrogels affect the swelling
kinetics and the absorbency of PANa-PAM in different swelling media? Is the swelling
behavior of PANa-PAM more controlled by the chemical structures or the properties of
the swelling media, such as the vacancy or the concentration of the ions in solution?

3) Will particle size of the PANa-PAM hydrogels affect the swelling behavior?

4) Will the properties of ionic solution also affect the mechanical properties of the

swollen PANa-PAM hydrogels?



5) How will the PANa-PAM hydrogels react in mortar? What is the relationship between
the effectiveness of PANa-PAM hydrogels on mitigating the autogenous shrinkage of

mortar and the chemical properties of PANa-PAM?



CHAPTER 2.  LITERATURE REVIEW

2.1 SAP Overview

2.1.1 Introduction
Superabsorbent polymers (SAPs) are three-dimensional hydrophilic crosslinked
networks. Usually, the polymer chains contain ionized functional groups. When the hard,
dry SAP particles are put into water or aqueous solution, they gradually turn into soft,
rubbery hydrogels. These water-insoluble, hydrogel-forming polymers will absorb up to
1500g™ of water per gram of polymer. Unlike traditional absorbent materials, such as
soaked cotton or sponge, SAP particles can retain the absorbed fluid even under

mechanical pressure. Figure 1 shows a dry and fully-swollen SAP particle.

The largest use of SAP particles is in hygiene industry, such as feminine sanitary napkins,
infant diapers and adult diapers. Due to high water absorbency and ability to release
water gradually, SAP particles also share a market in agricultural and horticulture
industry. Other examples of SAP particles application are landscaping, food packaging,

cable isolation, controlled release, water-absorbing construction materials.”



Figure 1. Synthesized poly(sodium acrylate-acrylamide) (PANa-PAM) with 67 wt.% PANa
concentration and 2 wt.% crosslinking density in dry and swollen state (in deionized
water for 2 days).

2.1.2 Synthesis of SAP
The primary commercialized superabsorbent polymer is crosslinked, partially
neutralized poly(acrylic acid) due to its high charge-to-mass ratio.’® Polyacrylamide is
another commonly used material to make superabsorbent polymers because acrylamide
can be easily polymerized to extra-high molecular weight (~10,000,000 g/mol)17 which is
preferable. Under high pH conditions, usually with a pH value of 12,'® amide groups will
hydrolyze to form anionic carboxylates. Until amide groups hydrolyze into carboxylic
groups, polyacrylamide is a non-ionic polymer. Based on these two kinds of polymers,
some other copolymers have also been studied as superabsorbent polymers, such as
cassava starch-graft-polyacrylamide superabsorbents,™ salt-resistant superabsorbent
polymers made from poly(ethylene glycol), methacrylate, acryamide and partially

neutralized acrylic acid,?® and poly(acrylamide-co-sodium methacrylate) superabsorbent



polymers.® Besides these, some other superabsorbent polymers are also available such
as cellulose-based superabsorbent polymers and alginate gels which are beyond the

scope of this work.™

In general, there are two polymerization pathways to synthesize partially neutralized
poly(acrylic acid) particles: solution polymerization?! and suspension polymerization.®
Crushed SAP particles made from solution polymerization have irregular shapes while
SAP particles made from suspension polymerization are typically regular spheres.zz'23
According to Siriwatwechacul, et al.'! solution polymerized SAP particles have increased
water absorbency because suspension polymerization may form a denser, more tightly
crosslinked hydrogel. In the present work, we chose solution polymerization to prepare
SAP particles since regular shapes are not required for internal curing applications and

we desire to obtain higher water absorbency of SAP particles for cement internal curing

which will be discussed later.

Poly(acrylic acid) is often neutralized by sodium hydroxide to obtain partially neutralized
poly(sodium acrylate) which is prepared by free radical polymerization from acrylic acid,
sodium acrylate and crosslinker in agueous system. The redox initiation system is often

used to start the polymerization such as, ammonium persulfate and sodium



metabisulfite,” potassium persulfite and potassium metabisulfite,”> sodium
metabisulfite and sodium persulfate.” Neutralization of —COOH groups could be
performed before the polymerization starts” 2% or after the crosslinked polymer network

has formed.%®

The covalent crosslinking molecules typically used in acrylic acid-based polymerization
are di- and tri-acrylate esters such as ethylene glycol diacrylate.?” N,N’-methylene-bis-
acrylamide (MBA) is often used as a crosslinking agent for acrylamide polymerization.

Raju, et al. 10

compared four crosslinking agents — MBA, ethylene glycol dimethacrylate
(EGDMA), 1,4-butanediol diacrylate (BDA) and diallyl phthalate (DAP) — for preparation
of poly(acrylamide-magnesium methacrylate-potassium acrylate). They found that SAP

particles synthesized using MBA as the crosslinking agent had the greatest water

absorbency over a range of crosslinking concentrations.

The post-polymerization procedure to remove residual monomers from poly(sodium
acrylate) or polyacrylamide is to immerse the polymer gel in water for around 1-2
days.®’ This procedure is omitted in some published studies and instead the polymer gel

is cut into pieces and dried in an oven directly after polymerization.? In the present



work, we assumed the polymerization to be fully completed and didn’t take residue

monomers into account.

2.1.3 Swelling Mechanism of SAP
The process of superabsorbent polymers absorbing water is to reach the equilibrium of
the force resulting from elongation of polymer chain and the osmotic pressure which is

caused by the difference of ion concentration inside and outside the polymers.'’

When SAP particles are immersed in water, ionic groups along the polymer chain will
form strong ion-dipole interaction with water molecules which facilitates water
absorption. Due to electrical neutrality of the polymer, the charges from ionic groups
spaced along the polymer chain must be matched by counterions (Figure 2). Large
amount of counterions form the osmotic pressure which is the driving force for swelling.
More ionic groups in the polymer chain will induce more counterions to the polymer
network which leads to higher osmotic pressure. And higher osmotic pressure results in

larger swelling absorbency.
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dry SAPs

® counterion
* o ® water molecule

swollen SAPs

Figure 2. Schematic illustration of dry and swollen state of a poly(acylic acid) based SAP
hydrogel particle.

As water molecules diffuse into polymer networks, polymer chains must move to
accommodate the water and their favored random, coiled configuration is disturbed.
The covalent crosslinks in the polymer system hinder the movement of polymer chains
and prevent the polymer dissolve in water. It is obvious that a higher amount of

covalent crosslinks inside the polymer network would lead to higher retraction force.

Eventually, the extensional force from the osmotic pressure balances the retraction
force from the chemical or physical crosslinks inside the polymer network. As a result
the polymer network reaches swelling equilibrium. Although the osmotic pressure is the

driving force for swelling, we need to point out that the charged ionic groups along
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polymer chains which tend to repel each other also contribute to the elongation force

which pull polymer chains apart (Figure 2).

For non-ionic absorbent materials, the driving force for swelling is the formation of

hydrogen bonds between polymer chains and water molecules and the increased

entropy as decreased ordered structures during swelling. While for ionic

superabsorbent polymers, high osmotic pressure and repulsion between polymer chains

caused by ionic groups are the two most important contributors to the high absorbency.

For this reason, we should be able to tune the absorbency of SAP particles by controlling

the ratio of the ionic part to the non-ionic part. As we stated before, polyacrylamide is

non-ionic polymer unless amide groups hydrolyze into —COO™ groups at high pH. Since

the ionic groups give rise to the osmotic pressure which drives the polymer network to

swelling, it is plausible to tune the absorbency of polyacrylamide by controlling the

hydrolysis degree. Also, it’s reasonable to control the absorbency of partially neutralized

poly(acrylic acid) by varying the neutralization degree of acrylic acid. Lastly it’s

manageable to incorporate acrylamide as a non-ionic monomer into poly(sodium

acrylate) in order to control the swelling behavior of polymer network.
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2.1.4 Factors that Influence the Absorbency of SAP
As stated before, the driving force of swelling for SAP is osmotic pressure which
originates from the difference of the ion concentration inside and outside the polymer
gel network. So the types of ions in swelling media which might act as the counterions in
polymer network, ion concentration difference inside and outside the polymer network
and also the chemical structures will affect the absorbency of SAP. Details will be

discussed more in Section 2.2.

As for the real world cementitious application which will be discussed in Section 2.2,
influence of particle size on absorbency of SAP particles should be taken into
consideration. Large SAP particles may not be able to fully swell due to insufficient time
for water uptake during the concrete mixing. So they could not supply every part of the
cement during hydration which leads to a reduced efficiency. Small SAP particles are not

preferable due to their less active surface zone compared to the bulk. 2

Besides particle size, covalent crosslink density also plays an important role in
determining the water absorbency of SAP particles. According to rubber elasticity

theory,”® the elastic shear modulus, G, of a crosslinked polymer network is related to
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the molecular weight of the polymer chain between neighboring crosslinks. The

equation to describe this is as follows:

nk
74 Ms

~
©
o]
&

where n / Vis the number of elastically active network strands per unit volume, k is the
Boltzmann constant, T is the temperature, R is the gas constant, p is the mass per unit
volume (i.e., the network density), and Msis the average molecular weight of between
two crosslink points. Thus, the elastic shear modulus of a crosslinked hydrogel will
increase as the concentration of crosslinks in the network increases.” During the
swelling process for PANa-PAM hydrogels, an equilibrium is reached between
elongation force which comes from osmotic pressure and the retraction force which
originates from the network’s elastic shear modulus.’” Thus, as covalent crosslinking
density increased in the PANa-PAM hydrogel samples, the elastic shear modulus
increased which led to larger retraction forces within the network and a corresponding

decrease in swelling ratio.

The effect of pH value of swelling media may also affect the absorbency of SAP but this

effect depends on the chemical structure of SAP since only ionic groups along the
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polymer chain give rise to osmotic pressure. One could imagine that if the polymer chain
only contains —COONa groups instead of pH-sensitive ionic group, such as —COOH, pH
value of the swelling media may not affect the absorbency of SAP at all, which is also
been found in our research. For partially neutralized poly(acrylic acid) SAP or other pH
sensitive hydrogels, pH value of the swelling media is also a major concern when
evaluate the absorbency of SAP. For example, Yarimkaya® synthesized a pH-sensitive
acrylate-based hydrogel. He found that when the pH of the swelling medium increased
from 3.0 to 5.0, which is above the pKa value of acrylic acid, the final swelling value of
this hydrogel increased sharply. As pH goes up, carboxyl groups along the polymer
chains will deprotonate which leads to negatively charged polymer chains. Large
amount counterions come into the hydrogel which results in a high osmotic pressure
and the negatively charged polymer chains repel each other. Thus the deprotonated

poly(acrylic acid) can absorb much more water than pure poly(acylic acid).

The influence of neutralization degree of acrylic acid on swelling ratio of SAP particles is
similar to that of pH value. Chen’ investigated how the neutralization degree of
poly(acrylic acid-co-acrylamide) affects water absorption of the gel. It is reported that as
neutralization increased to 75%, the water absorbency of SAP particles went up which

could be explained by increased osmotic pressure. But the water absorbency decreased
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after further increased neutralization degree. They believed over-neutralization has
negative effects on the dissociation of sodium acrylate and that would freeze the

polymer chain segment.

The temperature of the swelling media is another factor which affects the absorbency of
SAP particles that most researchers looked into. However, temperature seems not a
major influence on the absorbency of SAP particles. The absorbency of acrylic acid based

SAP particles only showed small fluctuations within 0-100°C range.g’7

2.2 Application of SAP in Concrete

2.2.1 Internal Curing for High Performance Concrete (HPC)
High Performance Concrete (HPC) has increased strength and denser microstructures
than ordinary concrete due to lower water/cement (w/c) and the addition of silica
fume.*® However, the major limitation of HPC is the occurrence of autogenous shrinkage
in the early stages of curing which can lead to cracking and compromised strength.** As
the hydration process proceeds and water is consumed, vapor filled pores begin to form
as the system self-desiccates. The decreasing air-water menisci lead to lower internal

relative humidity (RH) and larger capillary tension in the pore fluid which results in
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compressive bulk stress on cement paste. Autogenous shrinkage happens in this

circumstance.

Internal curing is considered to be an effective method to reduce self-desiccation. By
incorporation of materials with high water storage capacity, referred to as internal
curing agents, the stored water can be released into the concrete matrix during the
curing process in order to mitigate self-desiccation.®® Internal curing has been examined

34,35

by researchers for more than 20 years and has recently begun to be implemented on

bridges in New York,36’37 Indiana,38’39 and Utah.*

Lightweight aggregate (LWA) is one class of internal curing agents and has been found

1,42
442 yet

to be very effective at reducing or eliminating autogenous shrinkage.
incorporation of LWA would compromise the final compressive strength of concrete

through the formation of voids and flaws in the cured concrete that display a range of

sizes and morphology.*?

2.2.2 SAP Particles as Internal Curing Agent
Another widely studied class of internal curing agents is superabsorbent polymers

(SAPs). The most common SAP hydrogels used for internal curing are composed of
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covalently crosslinked poly(acrylic acid-acrylamide) molecules.’® The carboxylic acid
groups of the acrylic acid monomer will deprotonate at pH > 5 (forming an anionic
moiety, whereas the amide groups of the acrylamide monomer are partially hydrolyzed
to form anionic carboxylic groups along the polymer chain when pH is ~12 or above.'®

Other times, partially neutralized acrylic acid (e.g., sodium acrylate) is directly used for

synthesis, which, when exposed to water, will readily form anionic groups.’

When SAP is added to concrete mixtures, SAP particles provide a continuous supply of
water during curing, thus reducing/eliminating autogenous shrinkage and cracking of
the concrete and achieving a corresponding increase in concrete durability.l’M’45
Although, dehydrated SAP particles will leave voids which may compromise the final
strength but the shape of voids, pore size distribution and the absorption capacity of
internal curing agent can be controlled by designing SAP particles." Furthermore,
addition of SAP particles in concrete changes the dynamics of concrete hydration
process. Justs, et al.*® found that addition of small amount of SAP into cement paste
(w/c=0.2) would make the hydration process of cement paste start earlier and proceed
at a slower rate. Hydration degree measured at 3 days showed that the entrained water

by SAP increased the hydration degree in a same manner as increase w/c. The same

result showing that SAP would help increase the hydration degree of cement paste was
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reported by Esteves.”’ As a result, incorporated SAP particles into concrete may increase

the final compressive strength by increasing hydration degree of concrete.

Though many of the benefits of incorporating SAP particles into concrete have been
defined in the past, research is still uncovering additional benefits, such as the ability of

48-50

SAP particles to enhance the freeze/thaw resistance of concrete, to reduce thermal

expansion,”® or to heal cracks.”

2.2.3 SAP Swelling in Cement Pore Solution
SAP particles are polymer hydrogels composed of polyelectrolyte (charged polymer)
chains which are covalently crosslinked to form a three-dimensional polymer network.
Driven by osmotic pressure, dry SAP particles swell when in contact with an aqueous
fluid (see Figure 2)."” Osmotic pressure results from the formation of a chemical
potential gradient in the system due to the relatively high concentration of ions within

the SAP’s polymer network compared to the external environment.
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Figure 3. Schematic illustrating the state of a poly(acrylic acid) based SAP hydrogel
particle swelling in cement pore solution. Label (1) indicates the screening effect by Na*
which reduces the repulsion force between carboxylic groups. Label (2) indicates
potential ionic crosslink formation with multi-valent ions in the fluid which hinders
swelling.

During the hydration process of concrete, multiple ions such as K*, Na*, OH’, and Ca*
are released into the pore solution.> In general, the diffusion of ions into a SAP particle
leads to deswelling of the hydrogel because the ions effectively screen the repulsive
interactions between charged groups within the polymer network. This screening
reduces the driving force of swelling and is illustrated in Figure 3 with Na* ions and
anionic carboxylic groups in a poly(acrylic acid) polymer network. Calcium ions, Ca”,
have been found to have a particularly strong effect on the overall absorbency and

7118 Jar, et al.'® found that divalent cations have

swelling kinetics of SAP particles.
stronger interactions with polyacrylamide-based gels than monovalent cations. Recently,

Schrofl, et al.® showed that the presence of Ca** in the aqueous fluid will dramatically
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decrease the absorption capacity and alter the absorption and release kinetics of
commercial SAP particles. This ionic interaction ultimately resulted in increased
autogenous shrinkage and decreased compressive strength of the final cured concrete
product. In addition to Ca**, magnesium ions (Mg**) have similar effects on the swelling

behavior of SAP particles.’
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CHAPTER 3. EXPERIMENTAL METHOD

3.1 Materials
Acrylic acid (AA), acrylamide (AM), N,N’-methylenebisacrylamide crosslinking agent
(MBA), sodium metabisulfite (Na,S,05s), sodium persulfate (Na,S,03), sodium hydroxide
(NaOH), sodium chloride (NaCl), calcium nitrate tetrahydrate (Ca (NOs),-4H,0),
aluminum sulfate hydrate (Al, (SO4)3-H,0), calcium sulfate (CaSO,), potassium hydroxide
(KOH), potassium sulfate (K;SQO4), aluminum sulfate (Aly(SO4)3),
ethylenediaminetetraacetic acid disodium salt concentrate (for 1 L standard solution,
0.1 M EDTA-Na;), Eriochrome® Black T, magnesium chloride (MgCl,), ammonia buffer
solution (pH = 10), methanol were purchased from Sigma-Aldrich and were used as
received. Deionized water used in the experiment was produced from a Nanopure®
Infinity Barnstead water purification system. Portland cement type | (Greencastle Plant)
was used to obtain pore solution for swelling study. The chemical composition of this

cement is shown in Table 1.
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Table 1. Chemical composition of Portland cement Type | (mass%)

Total Insoluble
SiOz A|203 Fe203 Cao MgO 503
alkali(Na,0+0.658K,0) | Residue

19.6 |5.2 2.9 64.0 2.6 3.3 0.72 0.21

3.2 PANa-PAM Hydrogel Preparation

Poly(sodium acrylate-acrylamide) (PANa-PAM) was synthesized through free radical
solution polymerization of 100 wt.% neutralized acrylic acid and acrylamide monomer

according to Horkay, et al.(see Figure 4).°%>*

As acrylic acid is neutralized before
polymerization, this will result in a polymer network in which the anionic groups are
from the acrylic acid segments of the chain (i.e., COO’) and the acrylamide segments
remain intact and subsequently un-charged. NaOH solution was used to neutralize the
acrylic acid monomer prior to synthesis. Redox initiator solution was obtained by
separately dissolving Na,S,05 and Na,S,0;z in deionized water to concentrations of 0.5
wt.%. Aqueous solutions of MBA were used for crosslinking. These solutions were
prepared 1 day in advance to allow MBA powder to dissolve fully. The covalent
crosslinking densities used in present work were 1.0 wt.%, 1.5 wt.% and 2.0 wt.% (by
monomer weight) and initiator concentration was 1 wt.%. For each selected covalent

crosslinking density, the ratio of acrylic acid to acrylamide was varied as: 0 wt.% PANa,

17 wt.% PANa, 33 wt.% PANa, 67 wt.% PANa, 83 wt.% PANa.
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Figure 4. Reaction scheme of PANa-PAM hydrogel. The polymer network of the hydrogel
contains covalent crosslinks (a) and anionic carboxylate groups (b).

To perform the synthesis, the initiator solution was added to a mixture of neutralized
acrylic acid, acrylamide, and crosslinking agent and stirred. An exothermic reaction
began within a few seconds for the pure acrylamide system (i.e., 0 wt.% PANa). The
reaction occurred rapidly (few minutes) and a clear hydrogel was observed to form. For
other PANa-PAM ratios, the formation time varied from a few minutes to few hours. All
vials were allowed to rest for another 24 hours, at least, after the gel formation to
ensure reaction completion. To obtain the hydrogel, the glass vial was crushed. All the

hydrogel samples were elastic and thus retained the cylindrical shape of the vial.
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Hydrogel samples were washed with water and crushed to form smaller pieces, which
were then dried overnight at 80°C. Dried PANa-PAM particles were then ground further
into fine particles (using a mortar and pestle). Using a series of sieves, two final (dry)
particle size distributions were obtained: 106-425 um and 425-850 pum. Another set of
hydrogels were cut into quarters followed by drying overnight at 80°C for macroscale

swelling studies and mechanical testing.

For autogenous strain or internal humidity of tests performed on mortar samples, only
PANa-PAM hydrogels with 17 wt.% PANa (SAPI) and 67 wt.% PANa (SAPIl), 2%
crosslinking agent, were picked. The samples were synthesized as discussed before but
instead of using mortar and pestle to grind the sample, ball milling technique was used
to obtain fine particles. The dried polymer pieces were put in a plastic bottle with
ceramic milling media and the bottle was left rolling overnight with a speed 50r/h to get

particles size within 45-106um.

3.3 Swelling Study

The gravimetric “teabag” method was used to evaluate the overall swelling capacity and
kinetics of the PANa-PAM hydrogel samples.”? Four different immersion solutions were
studied: pure deionized water, 0.025 M Na* (from NaCl), 0.025 M Ca** (from Ca

(NO3),-4H,0), and 0.025 M AF** (from Al, (SO4)s-H;0).
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The measurement procedure was as follows: 0.2 g dry sample were added into a pre-
wetted teabag and immersed in 200 ml of solution. For 425-850 um samples, the wet
mass was measured after immersion times of 1, 3, 5, 10, 15, 30, 60, 120, and 240
minutes; for 106-425um samples, the wet mass was measured after immersion times of
30s, 1, 2, 5, 10, 15, 30, 60, and 120 minutes. The mass was measured after absorbing
excess water from the teabag’s surface using a paper towel. In this project, macroscale
PANa-PAM samples (0.35-0.45 g dry, 8 mm x 8 mm x 5 mm in dimension) were also
studied for comparison purposes. For the macroscale samples, teabags were not used to
assist in the swelling measurement. Immersion volumes of 500 ml were used for these
larger samples and the wet mass was tracked for 10 days. For all PANa-PAM samples,

the swelling ratio, Q (g/g), was calculated from the following equation:

0= EqQ. 2

where ms was the wet mass of the swollen samples and my was the initial dry mass.
Samples used for swelling measurements were from different synthesis batches, and

measurements were repeated 3 times.

The absorbency of PANa-PAM particles (106-425 um, 2 wt.% covalent crosslinking

density) in synthetic pore solution was also studied. 0.2g of dry sample was immersed in
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50ml pore solution. The swelling study was performed in synthetic pore solution instead
of extracted pore solution from concrete due to enormous time consuming to get
extracted pore solution. The composition of synthetic pore solution is based on previous
literature® with addition of small amount of aluminum sulfate. The composition of
synthetic pore solution is reported in Table 2. The synthetic pore solution was prepared

and stored in a plastic bottle with cap.

Table 2. Chemical composition of synthetic pore solution (mM)

Na* K ca* OH S0~ AP

117 684 2 632 86 3.2

3.4 Quantify Ca*' by Titration

The Ca** that remained in the immersion solution after the sample reached swelling
equilibrium was quantified by basic titration methods.”® Calcium ion solutions were
titrated by EDTA solution, and Eriochrome® Black T was used as the indicator. To
prepare the indicator solution, 0.1g Eriochrome Black T is added to 20g methanol and
fully mixed. The indicator solution is prepared fresh every few days and kept in a vial
covered with tin foil. The 0.01M ETDA standard solution was obtained by diluting the

EDTA-Na, solution to a 10L.
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To perform the titration, the 0.01M EDTA standard solution was poured into a 100ml
buret and 25ml calcium solution was transferred into a narrow-mouth flask. 0.5ml Mg-
EDTA solution (mixing same volume of 0.01M EDTA standard solution and 4M MgCl,
aqueous solution) was added to the test solution for a sharper color change. Also 2ml
ammonia buffer solution and 5-6 drops of indicator solution was added to the test
solution. Add roughly 50ml distilled water and shake the flask to mix chemicals. During
the titration, pay attention to the color of the solution. Around the end point, add the
EDTA solution drop by drop, shake the flask fully and wash the inner wall of flask by

distilled water until the color turns to pure blue.

3.5 DMA and MTS Tests

PANa-PAM hydrogel samples that were swollen in Ca?* solutions were tested in
compression by dynamic mechanical analysis (DMAQS800, TA Instruments) to obtain the
stress response as a function of strain for each sample. The mode was “force control”,
preload force was 0.1 N, and the force ramp was 0.2 N/min. The samples were cut into

6-mmx6-mmx4-mm cubes for compression testing.

PANa-PAM hydrogel samples swollen in AP** solutions did not display isotropic
properties (as described in the results section) and could not be cut into the smaller

samples that were required for testing with the DMA. Therefore, these samples were
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tested under compression mode with an MTS mechanical testing load frame with
compression platens. Samples were roughly 1/4 of a round disc with diameter of 20mm
and thickness of 10mm The preload force was 1 N and load rate was 1 mm/min. Data
was collected regardless of the unusual sample shape in order to have an overall
evaluation of the sample’s mechanical properties. In the future, more regular disc
shapes will be synthesized. Rectangular strips (5-mmx3-mmx0.5-mm) of the stiff outer
region of the PANa-PAM hydrogel samples swollen in A** solutions were tested in

tension with the DMA.

3.6 Mortar Composition, Mixing and Testing

In order to evaluate the efficiency of PANa-PAM to decrease the autogenous shrinkage
of mortar, we prepared plain mortar sample and modified mortar samples by SAP. The
composition of mortar tested in this work is reported in Table 3. Mortar composition
and the w/c is 0.3. The extra added water for PANa-PAM to absorb is 0.05 by weight of
cement. The amount of SAP needed in the mortar sample was calculated based on the
absorbency of PANa-PAM hydrogels in pore solution which was obtained by mixing

Portland cement type | with water.
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Table 3. Mortar composition

Internal
Fine
Materials Cement Free Water | Curing SAP
aggregates
Water
0 (plain)
Amount
R 666 200 35.5 1440 3.09 (SAPI)
(kg/m°)
2.22(SAPII)

The mixing procedure was followed by ASTM C305 with only minor modifications.”’
Based on our past experience, small amount of water reducer was added into the
mortar to maintain workability while avoiding segregation and excessive bleed water;
3.5 ml/kg, 5.5 ml/kg and 1.0 ml/kg of water reducer (by weight of cement) was used for
the plain mixture, mixture with SAPI and mixture with SAPII, respectively. The amount of
water reducer added into the mixture is dependent on the workability of the mortar
mixture. The mortar mixture with SAPII initially had good workability even though only
0.8g of water reducer was added during mixing; however, much of this workability was
lost as samples were cast. Because specimens were successfully made, even with the

decreased workability, no further action was taken to readjust the workability.

In order to evaluate the efficiency of PANa-PAM hydrogels on mitigating the autogenous
shrinkage of cementitious material, the autogenous strain was monitored in the mortar

samples. ASTM C1698-09°® was followed to measure the autogenous strain of mortar
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samples using a dilatometer with corrugated tubes. The mortar mixture was cast into
corrugated tubes under vibration and for each mortar mixture, two corrugated tubes
were filled and carefully sealed by tape (see Figure 5). The tubes were double checked
to verify no air bubbles were present and were placed in a room with constant
temperature (23 °C). The autogenous strain of mortar mixtures was monitored for 9

days after mixing using LVDTs.

Also internal relative humidity (RH) data of plain mortar samples and mixtures with SAP
particles were collected. The same mortar mixtures as used for autogenous shrinkage
were placed in airtight containers and set for 48 h before internal humidity test. The
HC2-SH sensor (0.5 %RH at 23 °C #5 K) for measuring the humidity is offered by
Rotronic company. Relative humidity probes were calibrated before each test with
saturated salt solutions and were mounted in a 75 mm x 68mm stainless steel cylinder
that was placed over a water jacketed sample cup holder (see Figure 6). The water
jacket was connected to a water bath at a constant temperature of 25°C. The mortar
samples were crushed and sealed inside of the chamber, where the RH was then

monitored for 7 days.



Figure 6. Rotronic chambers for relative humidity tests.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Swelling Study of Microscale Samples

4.1.1 Swelling Study in Water and Na® Solutions
Figure 7 and Figure 8 displays the transient swelling ratio for PANa-PAM hydrogel
samples containing different concentrations of PANa in deionized water and Na’
solutions. After a quick initial intake of water at short times, the swelling ratio reached
an effective plateau within approximately 50 minutes for all the hydrogel samples. In
general, the maximum swelling ratio and the initial swelling rate were observed to
increase for hydrogels that contained greater concentrations of PANa in the polymer
network. For example, for a hydrogel sample with 2 wt.% covalent crosslinking density,
the initial swelling rate in Na* solution was 3.7 (g/g)min™ for the 17 wt.% PANa sample
and increased to 9.0 (g/g)min™ for the 83 wt.% PANa sample (note: both rates were

calculated for the first 5 min of immersion).
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Figure 7. Absorption of 425-850um PANa-PAM hydrogel samples with 2 wt.% covalent

crosslinking density in deionized water.
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Figure 8. Absorption of 425-850um PANa-PAM hydrogel samples with 2 wt.% covalent

crosslinking density in Na* solution.
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Table 4. Equilibrium (long-time) swelling ratios, Q (g/g), of 425-850 um PANa-PAM
hydrogel samples immersed in pure deionized water, 0.025 M Na*, 0.025 M Ca**, and
0.025 M AI** solutions.

PANa Concentration (in polymer network)
Covalent
0
Cross- Solution 17 wt.% 33 wt.% 67 wt.% 83 wt.%
wt. %
linking
H,O 14.9 105.1+7.9 |89+24.9 116.1+59 | 125.0+3.9
Na* 14.3 433 +3.0 475+11.1 |60.5%3.1 62.7+6.1
1.0 wt.%
Ca’' 14.1 11.1+2.7 10.6£5.1 29104 1.9+0.3
AP 134 |3.4+0.1 2.6+0.3 8.6+3.2 13.3+7.0
H,0 13.9 65+125 67.6+£26.5 |90+154 113.4 £ 20.6
Na* 13.2 32.5+3.1 41.6+14.4 |53.3%+6.5 59.8 £ 6.8
1.5wt.%
Ca® 11.4 11.7+1.8 6.8+0.2 3.0+15 1.9+0.5
AP 11.5 2.8+0.8 24+0.4 53+1.0 7.1+23
H,0 11.0 41.7+13.8 |50+7.9 68.2+6.5 74.3 +8.3
Na* 10.7 23.3+4.7 33.2+4.6 41.3+4.2 44.8 + 3.2
2.0 wt.%
Ca’' 10.8 82+14 7.1+0.4 2.7%+0.5 2.2+0.1
APP* 9.4 29+1.0 2.6+0.7 33+£2.2 8754

The final swelling ratio at long times (e.g., ~ 4h) was known as the equilibrium swelling
ratio and is reported in Table 4 for PANa-PAM hydrogel samples containing different
covalent crosslinking densities and PANa concentrations. For all the samples, the
equilibrium swelling ratio obtained from immersion in Na® solutions was reduced

compared to the swelling ratio in deionized water. Consistent with Figure 7 and Figure 8,
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PANa-PAM hydrogel samples that contained greater concentrations of PANa in its
polymer network displayed a correspondingly increased equilibrium swelling ratio from
immersion in water and Na* except for one abnormal point (H,0, 33 wt% PANa, 1%
crosslinking density). This odd point might result from imperfection of synthesis. More

controlled synthesis methods will be investigated in the future.

Table 4 also indicates that increased covalent crosslinking density led to decreased
swelling ratio for samples immersed in deionized water or Na* solutions. For 17 wt.%
PANa sample, the swelling ratio decreased from 105.1 g/g to 41.7 g/g (in water) and
from 43.3 g/g to 23.3 g/g (in Na® solution) as the covalent crosslinking density increased
from 1 wt.% to 2 wt.%. This trend is consistent with published results; for example, the
swelling ratio of poly(acrylamide-co-sodium methacrylate) decreased from 250g/g
to140g/g as the concentration of crosslinking agent (MBA) increased from 0.016 mM to

0.032 mM.®

The swelling behavior of hydrogel samples in solutions containing different ion
concentrations was also investigated (Figure 9). As shown in Figure 9a, the equilibrium
swelling ratio of a representative hydrogel sample decreased as the Na® ion
concentration of the swelling solution increased from 0.0125 M to 0.1 M. The swelling

rate also decreased as ion concentration increased (shown in Figure 9b). For example,
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the hydrogel sample immersed in 0.0125 M solution increased to 61 g/g within the first

5 minutes while the sample immersed in 0.1 M solution only reached 30 g/g.

&) o
5% 5 N
o o
o 01 o
T T
X 30 ”é,
g £
204 }' g
& ! —=—0.0125M & —=—0.0125M
10 —e—0.025M —e—0.025M
\ —4—0.05M —4—0.05M
o] & 0.1M 0.1M
0 50 100 150 200 250 0 5 10 15 20 25 30
Time (min) Time (min)

Figure 9. Swelling behavior of 425-850um 33 wt.% PANa, 1 wt.% covalently crosslinked
PANa-PAM hydrogel sample immersed in Na* solutions with varying ion concentrations
over the full immersion time of 240 min (a) and during the first 30 min of immersion (b).

Discussion

The driving force for swelling (i.e., osmotic pressure) was related to the ion
concentration difference internal and external to the hydrogel sample, referred to here
as the ion concentration gradient. In the PANa-PAM hydrogels that were studied, the
concentration of anionic groups within the hydrogel was directly proportional to the
amount of PANa within the polymer network, which varied according to the selected
monomer feedstock ratio used for the hydrogel synthesis. Thus, the PANa-PAM
hydrogel samples with higher PANa concentrations had greater internal ion

concentrations which explains the increased swelling ratios reported in Table 4 when



37

immersed in the same swelling media (deionized water or 0.025 M Na*). Likewise, the
swelling ratio of a given PANa-PAM hydrogel sample directly depends upon the ion
concentration of the immersion solution. From Table 4, the equilibrium swelling ratio
was higher for all the PANa-PAM hydrogel samples immersed in deionized water (larger
ion concentration gradient) than in Na* solutions (smaller ion concentration gradient).
The relationship was further confirmed by immersing samples in Na* solutions with
different ion concentrations (Figure 8). Swelling was reduced for PANa-PAM hydrogels

immersed in solutions containing higher concentrations of Na®.

As stated in Section 2.1.4, the crosslinking density of the polymer network affects the
swelling ratio of SAP particles. As covalent crosslinking density increased in the polymer
network, the elastic modulus increased which gives rise to larger retraction force with
the polymer network. So the equilibrium swelling ratio decreased as crosslinking density
increased in PANa-PAM hydrogel samples (see Table 4). Experiments were performed to
measure the mechanical properties of the hydrogel samples and these are described in

Section 4.2.2.

4.1.2 Swelling Study in Ca** and AP** Solutions
Figure 10 and Figure 11 displays the swelling behavior for hydrogel samples with

different PANa concentrations immersed in Ca** and AI** solutions. In Ca®* solutions, the
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equilibrium swelling ratios decreased as PANa concentrations increased (Figure 10,
average values reported in Table 4). For example, for a hydrogel sample in Table 4 with
2 wt.% covalent crosslinking density immersed in Ca®" solutions, the swelling ratio
decreased from 8.2 g/g to 2.2 g/g as the PANa concentration increased from 17 wt.% to
83 wt.%. In AI** solutions, the equilibrium swelling ratios decreased and then increased
as PANa concentrations increased (Figure 11, average values reported in Table 4). For 17
wt.% and 33 wt.% PANa concentration samples, the swelling ratio in Ca** solutions was
larger than in AI** solutions while for 67 wt.% and 83 wt.% PANa concentration samples,

the swelling ratio in Ca®* solutions was smaller than in A** solutions.

20 —=— 0%PANa

—e— 17%PANa
—4— 33%PANa
—v— 67%PANa
—— 83%PANa

o
1

Swelling Ratio Q (g/g)
5
1

T T T T T T
0 50 100 150 200 250
Time (min)

Figure 10. Absorption of 425-850um PANa-PAM hydrogels with 2 wt.% covalent
crosslinking density in Ca?* solution.
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Figure 11. Absorption of 425-850um PANa-PAM hydrogels with 2 wt.% covalent
crosslinking density in AP** solution.

As shown in Table 4, the equilibrium swelling ratios of hydrogels immersed in Ca** and
A** solutions were significantly reduced compared to the ratios of samples swollen in
water and Na®*. For example, the swelling ratio of a 33 wt.% PANa, 2 wt% crosslinking
density sample decreased from 33.2 g/g in Na* solution to 7.1 g/g in Ca®" solution and
2.6 g/gin A** solution. Compared with the swelling behavior of samples immersed in
deionized water or Na’ solutions, the covalent crosslinking density did not have a
significant effect on the samples immersed in Ca®* or Al** solutions (see Table 4). For
example, the swelling ratio for 67 wt.% PANa concentration samples was around 3.0 g/g
(immersed in Ca** solutions) for 1 wt.%, 1.5 wt.%, or 2 wt.% covalent crosslinking
density. Additionally, the samples immersed in A** solutions appeared to become much

stiffer (mechanically) compared with other samples.
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The swelling kinetics were also observed to change when hydrogel samples were
immersed in Ca®* and AP’ solutions compared with the behavior observed during
immersion in pure water or Na* solutions. At short immersion times, an obvious peak
was observed for samples containing PANa in the polymer network while no significant
peak was observed for the 0 wt.% PANa sample (i.e., 100 wt.% PAM). The peaks in the
swelling responses indicated a rapid swelling of the hydrogel sample immediately
followed by a de-swelling or release of fluid from the sample. In both Figure 10 and
Figure 11, hydrogel samples containing a majority concentration of PANa attained the
greatest short-time swelling ratios (i.e., displayed the highest peaks). Additionally, the
peaks for samples immersed in Ca®" solution became narrower as PANa concentration
increased (Figure 10) while the peaks became broader as PANa concentration increased
for samples immersed in Al** solution (Figure 11). Similar to results in Section 4.1.4, the
initial swelling rate increased as PANa concentration increased but the trend was much
weaker. For example, for a hydrogel sample with 2 wt.% covalent crosslinking density,
the initial swelling rate in Ca** solution was 1.9 (g/g)min™ for the 17 wt.% PANa sample
and increased to 3.7 (g/g)min™ for the 83 wt.% PANa sample (note: both rates were

calculated for the first 5 min of immersion).

To determine the amount of Ca” ions absorbed by the hydrogel samples, titration was

performed on the immersion solution remaining after a hydrogel sample was allowed to
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swell and reach equilibrium in Ca* solution for 4 h. The amount of Ca** absorbed by
each sample was calculated by subtracting the amount of Ca®* consumed by titration
from the initial Ca®* added in the swelling media (i.e., 0.025M). Figure 12 shows the
concentration of absorbed Ca”* ions as a function of PANa concentration in the polymer
network of the hydrogel sample. Greater concentrations of Ca®" ions were absorbed by

polymer networks containing greater PANa concentrations.
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Figure 12. The concentration of ca® trapped by 425-850um PANa-PAM hydrogels with 1
wt.%, 1.5 wt.%, 2 wt.% crosslinking density after 4 h immersion time (as determined by
titration).

Discussion
As observed in Figure 9 and Figure 10, the overall absorption capacity and swelling
kinetics of PANA-PAM hydrogel samples immersed in multi-valent Ca** or A** solutions

were dramatically different compared with hydrogel samples swollen in pure water or
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Na® solutions. The equilibrium swelling ratio decreased for hydrogels immersed in the
multi-valent solutions, and the reduction was strongest for hydrogels containing greater
concentrations of PANa in the polymer network. Swelling kinetics of the hydrogels
immersed in the multi-valent solutions displayed fast swelling immediately followed by
fast fluid release. Additionally, post-swelling titration analysis displayed in Figure 12
indicated that the largest concentrations of Ca’" ions were trapped by the hydrogel

samples containing the greatest concentrations of PANa.

The reduced PANa-PAM hydrogel swelling in Ca** and AI** solutions compared with
those swollen in water or Na* solutions is believed to be due to the diffusion of Ca** or
AP* ions into the hydrogel network and the subsequent formation of complexes or
“ionic crosslinks” with the anionic groups in the polymer network (derived from
incorporation of PANa into the network). This explanation is consistent with the results
shown in Figure 10, Figure 11 and Figure 12, illustrating that PANa-PAM hydrogel
samples which contained a greater concentration of PANa were more sensitive to the
presence of multi-valent ions, displaying greater reductions in swelling and a greater
absorption of Ca®". It is inferred that polymer networks within the PANa-PAM hydrogel
samples were more sensitive to trivalent ions (AI**) than divalent ions (Ca®*) due to the
fact that the samples containing 17 and 33 wt.% PANa have a more reduced equilibrium

swelling ratio in AI** solutions than in Ca** solutions (note: the reverse is true for
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samples contianing >33 wt.% PANa and this is explained in Section 4.2). Additionally,
ionic crosslinking propensity had a much stronger impact on swelling behavior than the

concentration of covalent crosslinks even for samples with small amounts of PANa.

Additionally, the observed change in swelling kinetics due to the presence of multi-
valent ions was most likely related to the time-dependent formation of ionic crosslinks
within the polymer network of the hydrogel. At short immersion times, PANa-PAM
hydrogel samples containing relatively high concentrations of PANa displayed greater
overall absorption and faster swelling rates due to the correspondingly large ion
concentration gradient driving the swelling response. However, as the ions diffuse over
time and form ionic crosslinks, samples containing a greater concentration of PANa
formed a proportionally greater concentration of ionic crosslinks within the polymer
network, leading to a large reduction in swelling and the formation of the swelling peaks
in Figure 10 and Figure 11. This internal competition between swelling due to ion
concentration gradients and deswelling from ionic crosslinking explains why in Figure 10
and Figure 11 the maximum value of the short-term swelling ratio peak approaches a
limiting value even though the concentration of PANa in the polymer network continued

to increase (e.g., from 67 wt.% to 83 wt.%).
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The overall reduction of swelling due to the presence of ionic crosslinks between multi-
valent ions and the polymer network of the hydrogel samples is most likely due to a
combination of (1) physical restriction of the polymer chains (i.e., decreased
extensibility) due to the formation of physical crosslinks between neighboring chain
segments and (2) a change in the chemical potential of the hydrogel due to the
decreased ion concentration. A single Ca** ion is expected to form complexes with 2
COO™ groups while a single A** ion can form complexes with 3 COO™ groups. Prior work
by Horkay, et al.’® has found that Ca?* ions were delocalized within the polymer
networks of swollen hydrogels and were believed to promote aggregation of individual
polymer chain segments into loose bundles. This aggregation may restrict the motion of
the polymer segments somewhat but was observed to not directly affect the elastic
modulus of the hydrogel; any change in the elastic modulus was only a function of the
degree of swelling.”® Thus, the ionic crosslinks formed by Ca** are considered to be
relatively weak physical crosslinks. It is expected that stronger, localized ionic crosslinks
are formed between trivalent A** and anionic groups in the polymer network, as
previous work has shown that rare earth cations (La*" and Ce*') bind irreversibly to
polyacrylate polymer network, causing permanent de-swelling of the hydrogels.>* The
implications of these “weak” Ca** and “strong” AI** ionic crosslinks in the PANa-PAM
hydrogel samples will be explored further in Section 4.2. with characterization of the

samples’ mechanical properties.
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4.1.3 Effect of PANa-PAM Hydrogel Sample Size
In all previously described results, PANa-PAM hydrogel samples were composed of
particles of size 425-850 um. To determine the effect of the chosen size range on the
swelling behavior and ionic sensitivity, hydrogel samples composed of 106-425 pm
particles were created and characterized. Both particle size ranges are compared in
Figure 13, which displays the swelling curves for 17 wt.% and 83 wt.% PANa
concentration PANa-PAM hydrogel samples in pure water and Ca®* solutions. The
measured equilibrium swelling ratios were found to be independent of particle size. As
expected, the swelling rate was faster for the smaller hydrogel particles. It required 2
minutes for the 106-425 um particles to reach its maximum swelling ratio but
approximately 10-15 minutes for the 425-850 um particles to reach their maximum

swelling ratio.
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Figure 13. The transient swelling response as a function of sample size (106-425 um,
425-850 pum) and immersion solution (pure water, Ca**) for two different hydrogel
compositions: (a) 17 wt.% PANa-PAM hydrogel sample, 2 wt.% covalent crosslinking
density and (b) 83 wt.% PANa-PAM hydrogel sample, 2 wt.% covalent crosslinking
density.

Discussion

The size of SAP particles has important implications for the real-world application in
concrete. Jensen and Hansen” showed that small SAP particles (a few pm across) may
show a decreased absorbency due to less active surface zone compared to the bulk.

Esteves 2

studied 50-500 um SAP particles swollen in synthetic pore solution with
optical microscopy and he showed that SAP particle’s size will both affect the
absorbency and swelling rate of SAP. The absorbency of SAP increased slightly from 13
ml/g to 15.5 ml/g as the particle size increased from 113um to 488um. But in the
present study, no significant absorbency difference was observed for the two

investigated particle size ranges, most likely because the two selected samples with

different size ranges are relatively large (> 100 um) which are beyond the “small”



47

particles suggested by Jensen. Also the absorbency reported here is the overall

absorbency of 0.2g polymers instead of single SAP particles studied by Esteves.

As shown in Figure 13, the particle size had a very strong effect on the swelling kinetics
of the samples. The observed increase in swelling rate as particle size decreased is
consistent with results from Esteves.”® As swelling is controlled by diffusion of fluid into
the hydrogel, the size dependence can be described by Fick’s second law, as given by

the following equation:

Z_(i = k(Qmax — Q) Eq. 3

where Qmax and Q are the swelling capacities at equilibrium and at any time t, and k is
the swelling rate constant which depends on the particle size and can be described as k
= (2.76 x 10°) @™ for particles immersed in synthetic pore solution where @
represents the diameter of the particle (um).”> Thus, as particle size decreases, the

swelling rate will increase dramatically, consistent with the trends displayed in Figure 13.

4.2 Characterization of Macroscale Samples

Macroscale (mm-sized) samples of the PANa-PAM hydrogel samples were created and

characterized in order to more fully understand the behavior of the hydrogels in multi-
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valent ion solutions. As described in Section 4.1.2 (also Table 4), the equilibrium swelling
ratio of PANa-PAM gels in AI** solutions was observed to be greater than in Ca**
solutions for the 67 wt.% and 83 wt.% PANa samples, which was not anticipated.
Additionally, the samples immersed in AI** solutions became much stiffer to slight
mechanical pressure compared with other samples. To directly quantify the changes in
mechanical response, samples with macroscopic dimensions were required in order to

use conventional compression testing methods.

While the swelling performance of SAP particles is generally regarded as the most
important material property, the mechanical response of the particles must not be
overlooked as SAP particles must have sufficient strength and mechanical toughness to
withstand the external forces encountered during mixing, pumping, and placement of
concrete. For example, low-moduli (soft) SAP particles could be crushed or flattened
during processing, severely restricting their swelling performance, whereas high-moduli

(stiff) particles could be more likely to fracture into smaller particles.

4.2.1 Swelling Study of Macroscale Samples
Figure 14a displays the transient swelling behavior of macroscale hydrogel samples in
Ca®* and AP**solutions. The equilibrium swelling ratio of 17 wt.% PANa samples in Al**

solutions was smaller than in Ca®* solutions while the equilibrium swelling ratio of 67 wt.%
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PANa samples in AI** solutions was greater than results from the Ca®* solutions. This
trend is consistent with the swelling behavior of the 425-850um samples reported in
Table 4, though the exact equilibrium values of the macroscale samples differ somewhat.
The 17 wt.% PANa sample in Ca** did not display a peak in the swelling response but did

3+
I

display a broad peak during immersion in the AlI*" solution. The 67 wt.% PANa sample

displayed narrow peaks in both solutions.
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Figure 14. (a) Absorption of macroscale PANa-PAM hydrogel samples with 1 wt.%
covalent crosslinking density in Ca®* and AI** solutions. (b) Photograph of a macroscale
PANa-PAM hydrogel sample (67 wt.% PANa, 1 wt.% covalent crosslinking density)
following immersion in AI** solution after reached swelling equilibrium.

The physical characteristics of the macroscale PANa-PAM hydrogel samples swollen to
equilibrium in Ca®* or AI** were very different. The samples immersed in Ca** solutions
appeared to be more elastic and tougher compared to samples immersed in pure water

which were easily broken by applying small compressive forces (e.g., by touching with
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finger). The samples with 17 wt.% PANa concentration immersed in AI** solutions
displayed an even greater increase in elasticity and toughness (behaving more like a
hard rubber than a conventional gel) than similar sample immersed in Ca** solutions.
Surprisingly, the 67 wt.% and 83 wt.% PANa hydrogel samples immersed in AI** solutions
formed a stiff, solid-like shell. This shell started to form after 1.5 hours of immersion in
the solution. After the PANa-PAM hydrogel sample reached swelling equilibrium, a
complete “core-shell” structure formed and was strong enough to successfully retain
fluid within the core of the sample, as shown in Figure 14b. When the sample was
carefully sectioned, the fluid-filled core was observed to be mechanically soft and the
stiff outer shell could be removed from the sample (note: mechanical tests of the
isolated shell are reported in Section 4.2.2). In the present study, 33 wt.% PANa
macroscale samples immersed in AI** solutions were also studied and this system was

not observed to form the core-shell structure.

Discussion

As described in Section 4.1.2, the formation of ionic crosslinks is believed to lead to a
reduction in the equilibrium swelling ratio. This was directly apparent for PANa-PAM
hydrogel samples immersed in Ca** solutions or PANa-PAM hydrogels containing a low

concentration of anionic groups (17 wt.% and 33 wt.%) in AI** solutions.
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The main experimental result observed here was the formation of a soft-core/stiff-shell
structure of the macroscale hydrogel samples containing >33 wt.% PANa during
immersion in A** solutions. This core-shell structure directly impacted the swelling
response (see Figure 14a) of the hydrogel samples. The stiff shell was believed to be
formed by a high density of Al**-facilitated ionic crosslinks within the outer region of the
hydrogel sample. Such an ionic “barrier” appeared to hinder fluid release from the
hydrogel sample, explaining the increased equilibrium swelling ratio for 67 wt.% and 83
wt.% PANa samples immersed in AI** solutions compared with similar samples

immersed in the Ca”* solutions (see Figure 14a and Table 4).

It appears that ionic crosslinks formed by divalent ions (Ca**) only displayed one effect
on the equilibrium swelling ratio (i.e., ratio reduction due to network chain retraction),

while the ionic crosslinks formed by trivalent ions (AI**

) displayed two competing effects
on the equilibrium swelling ratio of PANa-PAM hydrogels: (1) network chain retraction,
due to the formation of ionic crosslinks within the network, resulting in the release of
fluid; (2) hindered fluid transport, due to the high density of ionic crosslinks that can
form in the outer regions of the sample, resulting in a stiff surface shell. For low-
concentration PANa samples immersed in A** solutions, effect (1) was dominant and

the equilibrium swelling ratio decreased. For high-concentration PANa samples

immersed in A** solutions, effect (2) was dominant and the equilibrium swelling ratio
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increased. This result indicated that in addition to the valency of ions contained in the
swelling fluid, the swelling performance and fluid release rate of the PANa-PAM
hydrogel samples was strongly dependent on the concentration of anionic groups within

the polymer network which contribute in ionic crosslinking reactions.

The effect of ion valency on fluid release rate was further verified by the transient
swelling response of the PANa-PAM hydrogel sample. The transient swelling response of
the 17 wt.% PANa-PAM hydrogel sample immersed in Ca®* did not contain a short-time
peak but did display a broad peak when immersed in the AI** solution (indicating fluid
absorption and subsequent release). This was because the ionic crosslinks formed by
APP* were localized in the polymer network compared with the weak and delocalized
crosslinks formed by Ca®*and thus the chain retraction forces from the presence of AP**
would be stronger and dominant. This results in fluid release and formation of the broad
peak in the transient swelling response. By comparison, the short-time peak for samples
containing 67 wt.% PANa immersed in AI** solutions was very narrow and smaller in
magnitude because of hindered fluid transport due to formation of the stiff outer shell
which slowed/prevented fluid release. The stronger ionic crosslinks formed by AI** is the
reason for the increased equilibrium swelling ratios for 67 wt.% and 83 wt.% PANa
hydrogel samples immersed in AI** solution compared with samples in Ca®" solution

(refer back to Table 4).
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Referring back to Figure 10, the short-time swelling peak for samples immersed in Ca**
solutions became narrower as PANa concentration increased. As the amount of ionic
crosslinks increased with PANa concentration, the hydrogel samples with greater PANa
concentration have an increased tendency to release fluid due to enhanced chain

retraction forces which leads to a narrower short-time swelling peak.

4.2.2 Mechanical Test of Macroscale Samples
To further investigate the properties of the macroscale PANa-PAM hydrogel samples,
compression tests were performed on macroscale samples swollen in different ionic
solutions. Figure 15 displays the compressive stress responses for macroscale hydrogel
samples with specific swelling ratios in Ca®" solutions. The calculated elastic moduli of
the samples are reported in Table 4. The elastic modulus for the samples with 2 wt.%
covalent crosslinking density were much larger than the samples with 1 wt.% density,
consistent with rubber elasticity theory (Eq. 2). As shown in Table 4, elasticity was
observed to decrease as the swelling ratio increased for the samples with 1 wt.%
covalent crosslinking densities while the elasticity of samples containing 2 wt.% covalent
crosslinking density appeared to increase with swelling for the two ratio values
investigated here. Figure 15 also displays the almost completely overlapping stress
responses of the 2 wt.% covalent crosslinking density samples immersed in water and

Ca”* solution with identical swelling ratios of ~ 4.3 g/g.
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Figure 15. Compressive stress response of macroscale hydrogel samples with 67 wt.%
PANa containing 1 or 2 wt.% covalent crosslinking densities and swollen to different Q-
ratios in Ca** and deionized solutions.

Table 5. Elastic moduli of macroscale PANa-PAM hydrogel samples with 67 wt.% PANa
containing 1 or 2 wt.% covalent crosslinking density.

Covalent Crosslinking Elastic Modulus
Swelling Ratio, Q (g/g)
Density (Ca®* solutions)
2.6 26.4 KPa
1wt%
4.3 14.8 KPa
2.7 40.5 KPa
2 wt.%
4.3 54.4 KPa

Figure 16 displays the compressive stress responses for macroscale hydrogel samples

containing 67 wt.% PANa and 2 wt.% covalent crosslinking density and swelling ratios of

around 2.7 g/g in AI** and Ca* solutions. The hydrogel sample displayed a much stiffer
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stress response following immersion in A** solutions than the sample immersed in the
Ca”* solutions. Additionally, cracking sounds were heard during compression testing of
samples in AI** solutions. The elastic modulus of the sample immersed in A** solution
was calculated to be 102.6 KPa, an order of magnitude larger than results obtained for a

similar sample immersed in Ca®* solution (40.5 KPa, see Table 5).
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Figure 16. Compressive stress response of macroscale hydrogel samples containing 67
wt.% PANa and 2 wt.% covalent crosslinking density, with swelling ratio of
approximately 2.7 g/g in AP** solutions.

To better understand the mechanical properties of the macroscale hydrogel samples
swollen in A**, specimens of the stiff outer shell of the hydrogel sample were isolated
and tested in tension. Figure 17 displays the tension stress response of the shell
specimens after the hydrogel samples reached swelling equilibrium in AP** solutions. The
elastic modulus was calculated to be 59.5 MPa (67 wt.% PANa sample with 1 wt.%

covalent crosslinking density), 107.2 MPa (83 wt.% PANa sample with 1 wt.% covalent
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crosslinking density) and 125.4 MPa (83 wt.% PANa sample with 2 wt.% covalent
crosslinking density). Thus, compared to results in Table 5, the elastic modulus for the
stiff outer shells of the PANa-PAM hydrogel samples was approximately 1000 times
greater than the overall compression modulus of the core-shell samples and the

modulus of similar samples immersed in Ca** solutions.
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Figure 17. Tensile stress response of specimens of the stiff outer shell of different PANa-
PAM hydrogel samples after swelling equilibrium was reached in AI** solutions.

Discussion

As mentioned in Section 4.1.2, the ionic crosslinks formed by Ca** ions are relatively
weak and delocalized within the network and prior work has found that the aggregation
of polymer chains caused by Ca** ions does not affect the elastic modulus of polymer
network.?® This explained why the compressive stress responses of the 2 wt.% covalent

crosslinking density samples immersed in water and Ca®" solution almost perfectly
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overlap with each other (shown in Figure 15). Also stated in Section 2.1.4, increased
covalent crosslinking density leads to increased elastic modulus (i.e., rubber elasticity
theory)?® which provides rationale for effective doubling of the elastic modulus in Table
5 when the covalent crosslinking density increased from 1 wt.% to 2 wt.% for PANa-PAM

hydrogel samples with 67 wt.% PANa immersed in Ca®* solutions.

It was also observed that the equilibrium swelling ratio affected the compressive stress
response of PANa-PAM hydrogels immersed in Ca®* solutions, with greater swelling
ratios resulting in reduced elastic moduli. The greater volume of water within the
hydrogel allows for increased segmental mobility of the polymer chains in the network
and subsequently faster relaxation in response to an applied stress. This was confirmed
by the reduced elastic modulus of samples with 1 wt.% covalent crosslinking densities
(Table 5). However, the opposite trend was observed for samples with 2 wt.% covalent
crosslinking densities. This could be due to an imperfection of the particular sample.
Equally likely is that for the range of swelling ratios investigated here, the elastic
modulus is more strongly dependent the covalent density and more weakly dependent

on swelling ratio.

The cracking sound that was observed during mechanical testing of samples swollen in

AI** solutions suggested that the stiff outer shell (seen in Figure 14b) was very hard and
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brittle. This stiff shell resulted in the overall stiffer mechanical response that was
observed during compression testing of samples equilibrated in AI** solutions compared
with the response of samples equilibrated in Ca** solutions (see Figure 16). The isolated
tensile stress response of specimens of the PANa-PAM hydrogel’s outer shell layer
further explains the nature of the strong ionic crosslinks formed by AP**. The elastic
modulus of the stiff shells was observed to be in the MPa range. As shown in Figure 17,
increased PANa concentration in the hydrogel sample strongly enhanced the shell’s
stiffness, most likely due to increased density of the AI** ionic crosslinks in the outer
region of the sample facilitated by the greater overall concentration of anionic groups in
the polymer network of the high-concentration PANa hydrogel samples. By comparison,
only weak enhancement of the shell’s stiffness was observed with an increase in
covalent crosslinking density from 1 wt.% to 2 wt.% (Figure 17). Thus, the enhanced
mechanical properties of the PANa-PAM hydrogel samples were primarily a result of the
presence of A** and the subsequent formation of a strong, ionic crosslinked, core-shell

structure.

4.3 Swelling Study in Synthetic Pore Solution

Figure 18 shows the swelling ratio for PANa-PAM samples containing different
concentrations of PANa in synthetic pore solution. The shape of the curves is very

similar to those obtained from water or Na* solutions. After a quick initial intake of fluid
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the swelling ratio reached a plateau except for 17 wt.% PANa sample of which the
swelling ratio increased slowly after the quick intake of fluid during the observation
period. The equilibrium swelling ratio of 17 wt.% and 67 wt.% PANa samples were
13.0g/g and 15.9g/g which were very closed to the values (11.5g/g for 17 wt.% PANa
sample and 16.0 wt.% for 67 wt.% PANa sample) obtained from real pore solutions using
45-106um particles. Also, as the PANa concentration increased from 17 wt.% to 67 wt.%,
the swelling ratio increased and then decreased slightly as the PANa concentration
increased further to 83 wt.%. However, no obvious ionic crust was observed in all the

samples swollen in synthetic pore solution or real pore solution.
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Figure 18. Absorption of 45-106pum PANa-PAM hydrogel samples with 2 wt.% covalent
crosslinking density in synthetic pore solutions.
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Discussion

The swelling capacity and kinetics of PANa-PAM hydrogels in the synthetic pore solution
was different from that in multi-valent ion solutions (Ca2+ or AP**, Figure 10 and Figure
11) but very similar to that in mono-valent ion solutions (Na®, Figure 8). This was
expected due to the much higher concentration of mono-valent ions (801 mM) than
multi-valent ions (5.4 mM) in the synthetic pore solution. In such solution, the effect of
ionic crosslinks formed by Ca®* or A** and COO groups in PANa-PAM hydrogels may not

lead to an obvious decrease of swelling ratio or formation of the stiff ionic shells.

Same as we stated before, the equilibrium swelling ratio of PANa-PAM hydrogels
increased as the PANa concentration increased from 17 wt.% to 67 wt.% due to a higher
osmotic pressure which originates from higher PANa concentration. However, the
equilibrium swelling ratio decreased slightly from 15.8 g/g to 15 g/g as PANa
concentration increased further from 67 wt.% to 83 wt.%. This most likely resulted from
an increased concentration of ionic crosslinks that form in 83 wt.% PANa sample than
compared to the other samples. This would result in network chain retraction and
reduce the overall absorption capacity of the 83 wt.% PANa hydrogel. While for other
samples, the ionic crosslinks formed in the polymer network may be too weak to affect

the equilibrium swelling ratio.
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Another explanation of the slightly decrease of equilibrium swelling ratio as PANa
concentration increased from 67 wt.% to 83 wt.% is that not all -COONa groups along
the polymer chains dissociate to form —COO™ groups and free Na® ions. As a result, the
concentration of —COO" groups is lower than we expected. Referring to Figure 8, the
similar result can be found. The equilibrium swelling ratio of PANa-PAM gels did not
increase further in Na® solutions as the PANa concentration increased from 67 wt.% to
83 wt.%. However, this theory might be more suitable to explain why no further
increase of equilibrium swelling was observed as PANa concentration increased above
67 wt.%. A similar result was found by Yarimkaya® who offered another reason for
decreased swelling ratio as the concentration of —-COO™ groups increased. They believed
that the low molecular weight polymeric chains were obtained as the polymerization

rate was too fast due to increased amount of carboxylate groups.

Ultimately, we believe that the ionic crosslinking which was formed by Ca®* or A** and

COO- groups has the major influence on the decreased equilibrium swelling ratio

observed in Figure 18 as PANa concentration increased from 67 wt.% to 83 wt.%.

4.4 Internal Humidity of Mortar With and Without SAP

The internal relative humidity of casted mortar with and without SAP was monitored.

The mortar specimens were cast into airtight containers and allowed to hydrate for 2
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days. After this period, the samples were crushed and placed in the Rotronic cells.
Figure 19 reports the internal relative during 69-103 hour period. It is noticed that the
relative humidity of plain mortar sample dropped to 87% after 70 hours and continued
to drop to 85% after 100 hours. While the relative humidity of mortar sample with ether
SAP 1(17 wt.% PANa) or SAP 11(67 wt.% PANa) was much higher than that of the plain

mortar.
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Figure 19. Relative humidity in setting mortar samples with and without SAP.

Discussion

Figure 19 shows that the addition of SAP | or SAP Il was effective to keep the internal
relative humidity of mortar samples higher than the plain sample. At the beginning of
mortar casting, the chemical shrinkage of mortar mixture could be transformed into

external bulk volume change. As the mortar hardened, the free water was consumed
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and empty pores were formed inside the mortar. The relative humidity dropped
subsequently. The incorporated SAP appeared to serve as an internal water supply
which released free water back to the mortar system and helped keep the relative

humidity at a high value (above 95% for SAP | and SAP ).

4.5 Autogenous Shrinkage of Mortar With and Without SAP

Figure 20 shows the autogenous shrinkage of plain mortar sample and mortar with SAP
after setting for 9 days. The autogenous deformations are zeroed at 5 hours (time of set)
after placing the corrugated tubes in the temperature constant room when solid
skeleton started to form in the mortar. A considerable shrinkage can be found in plain
mortar and the autogenous shrinkage reached 330 microstrain after 9 days. Compared
to the plain mortar, both SAP | and SAP Il decreased the autogenous shrinkage to a large
extent. Mortar sample with SAP Il exhibited a small expansion after setting. In the
present work, we found the SAP | and SAP Il were effective through the whole
observation period as shown in Figure 20 and only after the initial slight shrinkage the

mortar sample barely shrank any further.
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Figure 20: Autogenous deformation of mortar with and without SAP, w/c=0.3.

Discussion

Both SAP | and SAP Il had a strong effect on decreasing the autogenous shrinkage of
mortar which was due to the constant water supply during mortar setting offered by
SAP. The gradually released water from SAP to mortar system helped mitigate the self-
desiccation which happened after free water was depleted in plain mortar sample. The
reason of the small expansion observed right after the setting in mortar sample with
SAP Il is not fully understood yet. The same findings was reported by Schréfl® and they
proposed that the addition of SAP may modify the formation of portlandite which is the
reason for early stage expansion. Also they suggested that ettringite crystallization

should be taken into consideration.
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The reason that SAP Il is more effective than SAP | for decreasing the autogenous
shrinkage could be that more free water was released from SAP Il after setting. Without
further experiments, we provide several explanations here for why more water could be

released from SAP II.

First, although the amount of SAP was calculated based on its equilibrium swelling ratio
in real pore solution, it is possible that SAP may not reach its equilibrium swelling ratio
in the mortar mixture. The equilibrium swelling ratio of SAP was collected from non-
stirred solution and the pore solution was a greater volume (50ml pore solution was
used for 0.2g SAP) than what was needed for SAP to reach its equilibrium swelling ratio.
However, SAP added in mortar mixture had to absorb fluid from cement paste during
mixing so it is possible that exactly amount of water absorbed by SAP deviated from the
designed 0.5 bwoc (by weight of cement). Referring to Figure 7 and Figure 8, PANa-PAM
hydrogels containing higher amount of PANa displayed faster initial swelling rate and
bigger equilibrium swelling ratio. Since SAP Il (67 wt.% PANa) has a higher PANa
concentration than SAP | (17 wt.% PANa), SAP Il has stronger ability to compete for
water than SAP | during the first few minutes of cement mixing. So that SAP Il could
absorb more water during the mixing than SAP | and that makes sense for more water

released from SAP Il than SAP I.
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The second explanation offered here takes the desorption ability of SAP into
consideration. Given the assumption that both SAP | and SAP Il would absorb the same
amount of expected water, the desorption ability of SAP Il might be stronger than SAP |
which leads to a larger amount of water released back to mortar samples. We believe
that there is connection between the chemical structure of SAP particles and desorption

behavior although it is not studied in the present work.

Another factor that needs discussion is the gel-blocking effect which is only taken into
account for particles smaller than 100pum.'* Gel blocking usually refers to the
phenomenon that extensive swollen SAP particles cause closure of capillary pores which
prevents further fluid absorption.>® The SAP we used in mortar was 45-106um and the
gel-blocking effect might happen which would decrease the amount of fluid absorbed in
SAP. The equilibrium swelling ratio of SAP Il (16.5 g/g) is bigger than SAP | (11.5 g/g) so
that smaller amount of SAP Il than SAP | was required for additional 0.5 bwoc free water
added in mortar. More SAP | particles were added into mortar which leaves a higher
chance for gel-blocking phenomenon to happen. As a result, the total amount of fluid

absorbed by SAP | could be less than SAP Il.

After the initial stage, the two strain-time curves of SAP | and SAP Il were almost

paralleled which suggests that desorption behavior of SAP | and SAP Il was similar during
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that period. However, during this period, the slope of strain-time curve of mortar with

SAP was smaller than that of plain mortar which suggests that the SAP continued to

serve as an internal water reservoir during the whole observation period.



68

CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1 Summary and Main Conclusions

The effect of ions on the swelling and mechanical properties of model SAP hydrogels
was characterized here, using a series of poly(sodium acrylate-acrylamide) (PANa-PAM)
random copolymer networks with varying concentrations of PANa. By synthesizing the
hydrogels in-house, samples with independently tunable amounts of covalent
crosslinking and anionic functional groups were created, allowing for the effects of
covalent and ionic crosslinking on the properties of the hydrogels to be separately
quantified. Free swelling experiments were performed with PANa-PAM hydrogel
samples with four particle sizes (45-106 um, 106-425 um, 425-850 um, and mm-sized
“macroscale” samples). For the experiments, the swelling capacity and kinetics were
characterized during sample immersion in deionized water and Na®, Ca**, and AP**
solutions. Mechanical tests were also performed on the macroscale samples following
equilibration in the different solutions. Finally two PANa-PAM gels with 17 wt.% and 67
wt.% PANa concentration were added into mortar and their effect on internal relative
humidity and autogenous shrinkage was studied. The main experimental outcomes

were the following:
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1) The swelling capacity and kinetics of PANa-PAM hydrogels was strongly sensitive to
the presence of ions in solution. For hydrogel samples containing a relatively low
concentration of PANa (17, 33 wt.%), the equilibrium swelling ratio decreased in the
following fashion: Q(water) > Q(Na*) > Q(Ca®*") > Q(AI**). For hydrogel samples
containing a relatively high concentration of PANa (67, 83 wt.%), the equilibrium
swelling ratio decreased in the following fashion: Q(water) > Q(Na*) > Q(AI**) > Q(Ca*").

The presence of ions caused rapid swelling and de-swelling of the samples to occur.

2) Increased covalent crosslinking density in the PANa-PAM hydrogel samples resulted in
a decreased equilibrium swelling ratio for samples immersed in water or Na* solutions,
consistent with theories from rubber elasticity. However in the presence of ions, the
swelling performance of the hydrogels became less sensitive to covalent crosslinking

density.

3) Compression testing of samples immersed in Ca** solutions indicated that greater
swelling ratio or reduced covalent crosslinking density resulted in hydrogels with
reduced elastic modulus (~ kPa), again consistent with rubber elasticity theories. More
importantly, the stress response of samples immersed in Ca** was found to be almost

identical to the response of samples immersed in pure water at equivalent Q-values,
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indicating that the ionic crosslinks formed by Ca®* ions had no significant impact on the

mechanical properties of the samples.

4) For hydrogel samples with high PANa concentration (67 wt.% or 83 wt.%), formation
of a mechanically stiff layer at the hydrogel’s surface was observed during immersion in
AI** solutions. This stiff “shell” displayed elastic moduli of O(100 MPa), which caused the
overall elastic modulus of the hydrogel to increase and also prevented the release of
fluid from the hydrogel. This effect was not observed during immersion in the Ca**

solutions.

5) The PANa-PAM hydrogels containing both 17 wt.% and 67 wt.% PANa were found to
be effective on keeping internal relative humidity high and decreasing autogenous
shrinkage of mortar. And PANa-PAM hydrogel with 67 wt.% PANa decreased the
autogenous shrinkage better than 17 wt.% PANa sample which suggests there is
relationship between the chemical structure of SAP and the performance on decreasing
autogenous shrinkage in concrete, although this relationship is not fully understood in

the present work.

Overall, the swelling performance, swelling kinetics, and mechanical properties of PANa-

PAM hydrogels were found to be strongly dependent on the concentration of anionic
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groups in the polymer network and the valency of the ions in the swelling media. The
results described here have the following implications. First, by informed selection of
the concentration of anionic groups within the polymer network of a SAP particle, it is
possible to control the maximum swelling ratio and initial swelling rate, which could be
used to create customized SAP particles designed for specific cementing environments.
Second, the results presented here may be useful for the development of predictive
models that capture the behavior of SAP particles in concrete. With only prior
knowledge of the expected concentration and valency of ions in the pore fluid, such
models would allow for quantitative predictions of the concentration of anionic groups
in the polymer network that would be required to create SAP particles with a desired

swelling capacity, fluid release rate, and mechanical response.

5.2 Future Work
As discussed in Session 4.5, the reason why SAP Il (67 wt.% PANa) had a better
performance on decreasing autogenous shrinkage of mortar than SAP | (17 wt.% PANa)
is not clarified. To address this, the relations of the chemical structure of PANa-PAM
hydrogel and its desorption behavior in different swelling media should be studied
further. Also the amount of water absorbed by SAP during mixing could be studied by
comparing the swollen volume of SAP particles in free solution and in concrete mixture

using optical microscopy in order to obtain the accurate swelling ratio of SAP.



72

The ionic shell formed by A** and PANa-PAM found in 0.025M AI** was not observed in

the synthetic pore solution (containing 0.0032M Al**

) and this finding suggests that the
formation of the ionic shell not only depends on the PANa concentration of the PANa-
PAM gels but also depends on the concentration of swelling media (AI** solution). The

1** needs to be

relationship of the formation of ionic shell and the concentration of A
studied since the amount of A** varies from cement to cement. Whether or not the
ionic shells will form in a lower AI** concentration solution than 0.025M and prevent
fluid release needs to be answered. And how the ionic shells may interact with other
cementitious materials should be studied. Another reason that more attention should
be paid to the ionic shells is that, even if not distinct ionic shells may form by SAP in
concrete, the fluid hindered effect of the ionic shell would greatly affect the desorption
behavior of SAP. Based on that, we might be able to tune desorption behavior of SAP by

I** from cement.

adding or eliminating A
In the present work, the SAP particles were added into cement particles in dry state. In
order to find out the optimal procedure to include SAP particles in concrete, swollen
SAP particles could be used instead of dry particles. In that case, the amount of extra
water trapped by SAP particles can be controlled exactly since SAP particles do not have
to compete for water during mixing. And the state of SAP particles after mixing should

be studied since the mechanical force during the mixing could crush SAP particles.
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